overlapping and nonoverlapping ranges ( McIntyre, 2012 ) . Th e magnitude of environmental diff erentiation is critical to understand the origin and persistence of close diploid and polyploid species and the role of polyploidization in the evolution of ecological tolerances ( Johnson et al., 2003 ) .
Plant polyploids have been hypothesized to have broader niches than their diploid parents ( Stebbins, 1971 ) . Several studies have further indicated that polyploids occupy broader ecological distributions and could be more invasive than diploids due to their increased ecological amplitude ( Meimberg et al., 2009 ; Pandit et al., 2011 ; te Beest et al., 2012 ) . However, other studies have shown that the niche breadth of polyploids does not necessarily exceed that of their related diploids ( Martin and Husband, 2009 ; McIntyre, 2012 ) . Simple ecological models have suggested that niche diff erentiation is required for long-term coexistence of diploids and polyploids ( Levin, 1975 ) , but niche overlap is also frequent between diploids and polyploids and tends to be larger than between distinct diploids, probably as a consequence of the recent formation of (neo) polyploids with ecological amplitudes covering those of their diploid parents ( Stebbins, 1971 ; Meyers and Levin, 2006 ) .
Th e ecological properties of plant species and their ecological tolerances have a heritable component ( Geber and Griff en, 2003 ) . Environmental (ecological) niche modeling (ENM), also known as species distribution modeling (SDM) or predictive distribution modeling (sensu Graham et al., 2004 ; Peterson et al., 2007 ; Kozak et al., 2008 ) , aims to identify the environmental conditions that characterize a species bioclimatic envelope ( Nakazato et al., 2010 ) . Th ese models and their associated data can be used to test hypotheses about the environmental or evolutionary forces that might have shaped a species' geographic distribution and niche preferences ( Graham et al., 2004 ) . Spatially explicit environmental data and models allow for large-scale tests of whether speciation is associated with niche divergence or whether closely related species tend to be similar ecologically (niche conservatism) ( McCormack et al., 2010 ) .
Large-scale studies of angiosperms have shown that geographical ranges and environmental niche breadth are constrained by phylogenetic history, e.g., niche conservatism ( Martin and Husband, 2009 ; Smith and Donoghue, 2010 ) . Reconstruction of current and past environmental niches in the recent Pleistocene (e.g., Last Interglacial [LIG] ; Last Glacial Maximum [LGM] ) has helped us to understand the subsequent contractions and expansions of populations and to more accurately test for niche conservatism ( Peterson and Nyari, 2008 ; Banks et al., 2008 ) . Projections to these paleoenvironmental layers could also be used to search for potential niche overlap of parental diploids as a surrogate for detection of potential hybridization zones. Th is approach is of particular relevance in the circum-Mediterranean region, where altitudinal and latitudinal shift s and secondary contacts of previously isolated lineages were commonplace along the glacial and interglacial phases ( Hewitt, 2004 ) .
Th e " B. distachyon " complex is one of the most exhaustively studied world monocot groups because it is used as a research model for temperate cereals and biofuel grasses ( Mur et al., 2011 ) , for ecological studies of typical Mediterranean plants ( Manzaneda et al., 2012 ) , for the analysis of key physiological traits (e.g., drought tolerance, fl owering time) ( Gordon et al., 2014 ; A. J. Manzaneda, et al., University of Jaen, unpublished manuscript) , and for the investigation of plant polyploid speciation ( Catal á n et al., 2014 ) . Th e complex includes three related species, the diploids B. distachyon s.s. (2 n = 2 x =10) and B. stacei (2 n = 2 x = 20), and their derived allotetraploid B. hybridum (2 n = 4 x =30). Until recently, the three cytotypes were considered to be the same species, " B. distachyon ", selected as a new model plant for functional genomics of grasses and monocots ( Vogel et al., 2010 ; Catal á n et al., 2014 ) . However, combined cytogenetic and phylogenetic analysis demonstrated that B. distachyon and B. stacei corresponded to two independent diploid lineages and that B. hybridum resulted from genome doubling of the cross between them and probably originated in the midPleistocene (ca. 1 Ma), supporting its species-level taxonomic differentiation ( Catal á n et al., 2012 ) . Th e problems associated with the use of the collective name " B. distachyon " ' ( Catal á n et al., 2012 ( Catal á n et al., , 2014 López-Alvarez et al., 2012 ) , precluded the use of the undetermined " B. distachyon " in Global Biodiversity Information Facility (GBIF) records in an ENM analysis. In this study, we investigated the spatial and temporal variation of environmental niches in the three circum-Mediterranean species of the Brachypodium distachyon s.l. grass ploidy complex, a noncrop model system of three annual plants with well-characterized genomes and geographic distribution ( Vogel et al., 2010 ; Catal á n et al., 2012 ; López-Alvarez et al., 2012 ) .
The three species of the complex show a native geographic distribution that covers the entire circum-Mediterranean zone, ( Schippmann, 1991 ; Garvin et al., 2008 ; Catal á n et al., 2012 ) . Th ey grow in diff erent environments, latitudes, and elevations, representing a wide range of biotic and abiotic conditions that may be associated with adaptive natural genetic variation ( Garvin et al., 2008 ; Manzaneda et al., 2012 ) . However, the specifi c distribution of each of the three species of the complex has still not been determined because most samples have been recorded under the collective name " B. distachyon ".
We used environmental niche modeling (ENM) of the B. distachyon complex taxa to (1) construct the bioclimatic envelopes of the three species in their native range and identify the contributing variables using ENMs based on current geographic data and present and past climate data, (2) analyze niche overlap between the two diploids to detect potential hybridization zones across time, (3) test whether speciation in the B. distachyon -B. stacei -B. hybridum species was associated with niche divergence or responded to evolutionary history (niche conservatism), and (4) compare niche overlap and niche breadth between the diploid parents and the allotetraploid to test for potential outperforming of the polyploid in the native range. As a novel approach, our study uses paleoclimate niche models to corroborate the potential existence of ancestral gene fl ow among the hybridizing species of the Brachypodium distachyon model complex.
MATERIALS AND METHODS
Study areas and data collection-Niche modeling analyses were conducted for each of the three species of the complex, the diploids B. distachyon s.s. (2 n = 2 x = 10; x = 5) and B. stacei (2 n = 2 x =20; x = 10), and its derived allotetraploid B. hybridum (2 n = 4 x =30; x = 10 + 5). Th ough the species can be diff erentiated morphologically ( Catal á n et al., 2012 ) , they exhibit phenotypic resemblances in the fi eld and are considered cryptic species. Th erefore, despite the accumulation of more than 3175 circum-Mediterranean records of " B. distachyon " s.l. in the GBIF data repository, only records based upon specimens of B. distachyon , B. stacei , and B. hybridum identifi ed either cytogenetically by DAPI-stained chromosome counts (the three species; cf. López-Alvarez et al., 2012 ; this study) Fig. 2 ; Appendix S1, see Supplemental Data with the online version of this article). The sample size of B. stacei was smaller than those of B. distachyon and B. hybridum ; however, this species is also the rarest of the three taxa (cf. Catal á n et al., 2012 ; López-Alvarez et al., 2012 ) , and its occurrence data are well represented with records spreading across its whole native circum-Mediterranean area ( Fig. 2 ) . Brachypodium hybridum occurrence data from noncircumMediterranean introduced populations (e.g., alien populations of central-western Europe, western North America, South America, South Africa, Australia, and New Zealand; cf. Bakker et al., 2009 ; Catal á n et al., 2012 ; López-Alvarez et al., 2012 ) were not used in the analysis (see Discussion). Th e new accessions were obtained from our own field collections and from geo-referenced collections of " B. distachyon " s.l. obtained from herbaria and germplasm banks (Appendix S1). Procedures for DAPI-stained chromosome counts of germinated seeds and/or for DNA barcoding identifi cation of leaf tissue of the new accessions followed those of López-Alvarez et al. (2012) .
Th e GIS and environmental data for ENM analysis were preprocessed with the options implemented in the python version of the program SDMtoolbox ( Brown, 2014 ) . To correct the uneven sampling of the taxonomically identifi ed B. distachyon , B. stacei , and B. hybridum accessions, we fi ltered the occurrence records to reduce the likely eff ects of spatial autocorrelation due to sampling bias. Filtering methods have been demonstrated to outperform unfi ltered methods in correcting for sampling biases, which artifi cially increase spatial autocorrelation of the localities and may lead to overfi t models with infl ated values of performance ( Boria et al., 2014 ) . For this, we retained single-occurrence records of each of the three studied species in a range of 1 to 20 km, according to climate heterogeneity, using the Spatially Rarefy Occurrence Data tool implemented in SDMtoolbox v.1.1 in ArcGIS 10.1 by imposing fi ve heterogeneity classes ( Brown, 2014 ) . Additionally, presence record bias was further addressed by creating a bias grid for use in Maxent ( Brown, 2014 ) . Th e bias grid was used to down-weight the importance of presence records from areas with more intense sampling ( Elith et al., 2010 ) (i.e., areas with a high density of presence records, like Spain, Turkey, and Israel; Fig. 2 ; Appendix S1).
Environmental niche modeling-Species distribution models of the three studied taxa were generated using the program Maxent v.3.3.3 ( Phillips et al., 2006 ) , which estimates the optimal potential distribution from a maximum entropy probability distribution from presence-only data ( Elith et al., 2006 ; Araujo and Rahbek, 2006 ) . Maxent has been found to perform better than other alternative modeling methods that are based on presence data alone ( Elith et al., 2006 ; Ortega-Huerta and Peterson, 2008 ) and is particularly well suited for species with few data records ( Hernandez et ( Hijmans et al., 2005b ) , plus altitude. Th ese climatic niche variables describe environmental conditions rather than resources and are expected to show less spatial heterogeneity and higher correlations between close cells than ecological variables do ( Soberón, 2010 ) . However, ecological variables (e.g., soil, vegetation) are more difficult to measure over broad geographic areas ( McCormack et al., 2010 ) or are less predictive than climate variables because their high variability at small GIS scales ( Nakazato et al., 2010 ) .
Current climatic data from each occurrence point were extracted using the program DIVA-GIS v7.5 ( Hijmans et al., 2005a ) . To avoid overfi tting of the data, we removed highly correlated variables ( R > 0.7) and defi ned species-specifi c geographic backgrounds using the program SDMtoolbox v1.1. Th e estimated background areas of each species were generated using the buff ered local adaptive convex-hull tool of SDMtoolbox v1.1, where each background area was intermediate between its larger buff ered minimum convex polygon and its more restrictive radial distance area from all occurrence points. We imposed a buff er of 150 km, which fairly represents the potential dispersal distance of the three studied species (cf. López-Alvarez et al., 2012 ) , and an alpha parameter value of 18, which depicts the search distance used to defi ne the appropriate convex hull shape and size ( Brown, 2014 ) , around each set of locality data of B. distachyon , B. stacei , and B. hybridum .
Th e 19 bioclimatic variables were reduced to nine variables for B. distachyon , eight for B. stacei , and seven for B. hybridum ( Table  1 ) . Th e selected variables were used as predictors to calibrate the distribution models in Maxent. Th e occurrence data were randomly split into training (75%) and test (25%) data for model evaluation. Settings for the Maxent runs are given in the Supplemental Data (online Appendix S3). Th e performance of the models was evaluated by a threshold-independent Receiver-Operating Curve (ROC) analysis, where the Area Under the ROC Curve (AUC)-for Presence Only data (e.g., AUC-PO) measures the ability of the model to identify presences more accurately than random prediction. Ten subsample replicates were performed for each model using default settings. We used the average prediction from all the model replicates to construct the ENM species distribution maps. Additionally, a jackknife procedure was performed to measure the percentage of contribution and the importance of the variables to the models ( Phillips et al., 2006 ) .
Th e occurrence data of the three species under current conditions were projected to three past climatic envelopes to test the hypothesis of mid-Holocene and Pleistocene niche overlapping zones because the parental B. distachyon and B. stacei species might have favored the existence of putative hybrid zones across diff erent temporal Quaternary windows, and to compare their potential niche overlap with the projected niche distribution of the allotetraploid B. hybridum . We used WorldClim past general circulation models (GCMs) to explore the potential variability of ENM scenarios during those periods. Th e Mid-Holocene (MH) envelope was simulated using the program Community Climate System Model version 4 (CCSM4) ( Collins et al., 2006 ) , the LGM paleoclimatic layers were simulated using three general atmospheric circulation models-the Community Climate System Model version 4 (CCSM4) ( Collins et al., 2006 ) , the Model for Interdisciplinary Research on Climate (MIROC-ESM) ( K-1 Model Developers, 2004 ) , and the model of the Max Planck Institute for Meteorology (MPI-ESM-P) ( Stevens et al., 2013 ) , and the LIG envelope was simulated using the climatic model of Otto-Bliesner et al. (2006) (Appendix S2).
Environmental niche comparisons and niche breadth-Th e niche comparison analyses from current data aimed to detect signifi cant environmental diff erences among the three species for the 19 bioclimatic and three geographical (altitude, latitude, longitude) variables studied. Th is comparison was computed through one-way ANOVA tests and subsequent Tukey multiple comparisons test using the program Statistix v.8 (Analytical_Soft ware, 2003) . Additionally, a principal component analysis (PCA) of extracted data was also performed to discriminate the three species in the environmental space ( Green, 1971 ; Austin and Smith, 1989 ) and to identify the variables that most contributed to their diff erentiation using the program Past v. 3 ( Hammer et al., 2001 ) .
Th e methods based on niche model comparisons included niche overlap analyses (niche identity, niche similarity) and niche breadth and were computed using the program ENMTools v1.4.2 . We quantifi ed the amounts of niche overlap and niche breadth among the three studied species imposing a threshold of 10% of presence value for the occurrence of the taxon in a particular site, a method that shows accurate predictions when mapped with the program ArcGIS 10.1 ( Raes et al., 2009 ) . Given that each of the three species showed a diff erent specifi c background area but with overlapping zones, we united them and created a common area to run the comparative niche pairwise tests and considered it as the study area. We performed niche comparisons across four temporal windows (current conditions, MH, LGM, LIG) for each species-pair and measured niche breadth for each separate species in each temporal scenario.
Pairwise niche overlap was assessed among the three species using Schoener's D metric ( Schoener, 1968 ) , which measures the proportional similarity of two distributions as an indicator of niche overlap. Test for niche diff erentiation was done through the niche identity test (or niche equivalence test), which tests the null hypothesis of niches being identical by randomly generating a distribution of niche overlap values with unknown species identities to which the observed overlap of Schoener's D is compared ( Miller and Franklin, 2002 ; McIntyre, 2012 ) . Th is is a one-tailed test, where niches are considered signifi cantly diff erent if the observed value of niche overlap is less than the niche overlap value from 95 ( P < 0.05) or 99 ( P < 0.01) of the niche overlap values estimated from the random pseudoreplicates.
Th e niche similarity test (or background similarity test) incorporates the environmental heterogeneity of the geographic ranges where the species occur and tests whether niche overlap is more or less similar than expected based solely on the regional environmental/ background differences (null model) or to differences in niche suitability. A null distribution of overlap values was generated by comparing the species A niche model to a niche model created from a set of random points drawn from the species B background (with the same number of occurrences of A), and vice-versa. Th is process was repeated 100 times for each reciprocal comparison, generating a null distribution of 200 values for the Schoener's D for each species-pair. Th is is a two-tailed test, where the observed overlap values are then compared to these null distributions ( Warren et al., 2008 ; McIntyre, 2012 ) . According to Warren et al. (2008) , rejection of the null hypothesis indicates that the niche models of two species are more diff erent (overlap value < null distribution values) or more similar (overlap value > null distribution values) than would be expected by chance or that the observed niche diff erentiation between species is a function of habitat selection; however, failure to reject the null hypothesis does not necessarily imply that there is no niche diff erentiation or niche conservatism. By contrast, McCormack et al. (2010) used the niche similarity test based on niche models to test for niche divergence or conservatism, assuming that overlap values smaller than the null distribution support niche divergence (D), whereas larger values indicate niche conservatism (C). Th e niche similarity test is more relevant, regarding the speciation process, than the niche identity test ( Smith and Donoghue, 2010 ) ; however, one critical aspect of the test is the circumscription of the background area. Th e background area of each species should be adjusted to the habitat available and should be biologically realistic . We chose as background areas the ENM of each species ( Fig. 2 ) because they fi t well the general dispersal abilities of these species (cf. López-Alvarez et al., 2012 ) .
Niche breadth of a species is directly related to the extent of its geographic spread ( Brown, 1984 ) . We determined averaged niche breadth values for the three species under diff erent climate scenarios (current climate, MH, LGM-CCSM4, LGM-MIROC, LGM-MPI-ESM-P, LIG). We used the suitability scores generated from each Maxent model, which were functions of specifi c environmental variables, to calculate Levin's concentration metrics, as implemented in ENMTools ). Levin's concentration metric ranges from 0-1, where 0 indicates the minimum niche breadth when only one grid cell in the geographic space has a nonzero suitability and 1 indicates the maximum niche breadth when all grid cells are equally suitable ( Mandle et al., 2010 ) .
RESULTS

Environmental variation of B. distachyon, B. stacei, and B.
hybridum -Despite the apparent ecological uniformity of the " B. distachyon " s.l. complex taxa, we found fundamental environmental diff erentiation for its three species. Twelve of the 22 analyzed environmental (Bio1, Bio3, Bio4, Bio6, Bio7, Bio8, Bio10, Bio11, Bio12, Bio15, Bio17, Lat) variables detected signifi cant diff erences ( P < 0.001) among the three studied species ( Fig. 1A ) .
Th e environmental space defi ned by the two fi rst PCA axes showed a relative diff erentiation of the B. distachyon and B. stacei samples along the opposite extremes of the fi rst axis (75.23% variance), whereas those of B. hybridum overlapped with both groups but more greatly with the B. stacei cluster ( Fig. 1B ) . Th e variables that most contributed to the fi rst PCA axes were altitude (PCA1), annual precipitation (PCA2) and temperature seasonality (PCA3) (online Appendix S4).
Th e most infl uential variables on the ENMs were annual precipitation (24.1%) for B. distachyon , temperature seasonality (44%) for B. stacei and mean diurnal range (31.1%) for B. hybridum ( Table 1 , Fig. 1A ) . Further, the jackknife pseudoreplicate tests indicated that these variables showed the highest training gain when used in isolation for each of these species, while those which signifi cantly decreased the gain of the model when omitted alone were precipitation of driest month and annual precipitation for B. distachyon and B. stacei -B. hybridum , respectively.
Environmental niche models of B. distachyon, B. stacei, and B. hybridum under current climatic conditions -Th e environmental niche models of B. distachyon, B. stacei , and B. hybridum expanded along their entire native circum-Mediterranean region ( Fig. 2 ; online Appendix S5). Th e respective niche distribution models showed high AUC-PO values (online Appendix S6) and included all the sampled localities of each species ( Fig. 2A-C ) , supporting the high predictive power of these models. The predicted ENM of B. distachyon (Appendix S5) ranged from the Iberian Peninsula and Morocco in the west to northern Iran and southern Azerbaijan in the east, and from southern France in the north to the High Atlas (Morocco) and northern Israel in the south ( Fig. 2A ; online Appendix S7a), and that of B. stacei (Appendix S5) from the Canary Islands in the west to southeastern Iran in the east, and from northern Sardinia in the north to southwestern Morocco and southeastern Iran in the south ( Fig. 2B , Appendix S7b) . In contrast to the B. distachyon model, which showed a potential distribution of the species in higher altitudinal areas and more northern circumMediterranean latitudes, the B. stacei model predicted a distribution mostly circumscribed to coastal and lowland Mediterranean, Macaronesian and western Indian Ocean areas. The ENM of B. hybridum (Appendix S5) ranged from the Canary Islands in the west to Afghanistan in the east, and from southern France in the north to northwestern Sahara and southern Iran in the south ( Fig. 2C ; Appendix S7c). Th e predicted niche distribution of the allotetraploid covered both mountain and lowland and coastal circum-Mediterranean areas though was more common in the latter settings.
A comparative analysis of overlapping areas in the environmental niche distribution models of the three species detected ranges of potential shared occupancy between the two diploids ( B. distachyon and B. stacei ), the allopolyploid and both diploids ( B. hybridum vs. B. distachyon and B. stacei ), and the allopolyploid and one or the other diploid (Appendix S7d, e). Th e B. distachyon and B. stacei ENMs shared a distribution area (Appendix S5) that spread across the Iberian Peninsula, northwestern Africa, the Mediterranean islands, the Aegean region, and the Middle East (Appendix S7d). Th is area was similar in size and range to the geographic overlap detected for the ENMs of the three species (Appendices S5 and S7e). Th e ENM of B. hybridum overlapped with that of B. distachyon mostly in northwestern Mediterranean, southern France, and Caucasian localities, and with that of B. stacei in a greater area (Appendix S5) comprising localities mostly in the southern Mediterranean, Macaronesian, and Mediterranean islands (Appendix S7e). Additionally, the B. distachyon model showed a largest unique niche range, mostly distributed in northern Mediterranean latitudes, the B. stacei model the smallest one, mostly distributed in southern Mediterranean latitudes, and the B. hybridum model an intermediate size one, scattered across diff erent localities in the whole region (Appendix S7e). Fig. 2A-C Of the three LGM environmental niche projections, we selected the projection based on the LGM-MIROC model ( Fig. 3 ) as the optimal model because this climatic simulation provided a more convincing pattern of the LGM climate than the LGM-CCSM and LGM-MPI-ESM-P simulations ( Tarkhnishvili et al., 2012 ) . Th e LGM-CCSM model produced the most similar model distributions to the current climate model distributions of the three species, with percentages of niche model similarities of 80.9%, 97.3%, and 82.1% for B. distachyon , B. stacei , and B. hybridum , respectively (Appendices S5, S9a-c). Th e LGM-MPI-ESM-P model rendered ENMs that slightly increased the niche distributions of B. distachyon (5.5%) and B. stacei (20.7%) and showed high similarity in geographic coverage for B. hybridum (81.3%) (Appendices S5, S10a-c) with respect to their current ENMs. The environmental niche projections of the LGM-MIROC model showed the highest increases in niche distributions for B. distachyon (44.5%) and B. hybridum (46.4%) and a small one for B. stacei (2.3%) ( Fig. 3A-C ; Appendices S5, S11a-c) regarding their respective present time projections. Th is increase may be inferred to have resulted from a shift to lower altitudinal areas (including a lowered coastal line of approx. 200 m below current sea level) and to a broader expansion to more southern and eastern circum-Mediterranean latitudes. All the ENMs of the three species showed an increase in all the LGM climatic models ( Fig. 3A-C ; Appendices S9a-c, S10a-c, S11a-c), which could be explained by a larger potential expansion of the species on coastal and subcoastal areas along the Mediterranean and northern Africa. Consequently, the potential overlapped distributions of their respective past ENMs also increased in all LGM ( Figs. 3A-C ; Appendices S9a-c, S10a-c and S11a-c). Th e LGM models indicated a large overlap of distributions of the two diploids (Appendices S9d, S10d, and S11d) along with the polyploid (Appendices S9e, S10e, and S11e) in the Mediterranean islands, the half western Mediterranean side and several eastern Mediterranean and SW Asian settings.
In contrast to the MH and LGM projections, the environmental niche models obtained from the LIG ( Fig. 4A-C ) showed a decrease in potential distributions for the three species with respect to current potential distributions (Appendix S5). Th e B. distachyon ENM showed a 55.9% range contraction ( Fig. 4A ) , especially in the mountains, with a potential range shift toward more coastal and western Mediterranean places, whereas the B. stacei and B. hybridum ENMs showed major reductions of 80% and 77.2% of potential range coverage, respectively ( Fig. 4B, C ) . Th e ENMs of B. stacei and B. hybridum suggested that the species could be distributed along the southern coasts and islands of the Mediterranean basin, with higher probabilities in southwestern Mediterranean-Macaronesia and Middle East ( Fig. 4B ) , and the Atlantic Mediterranean-Macaronesian front plus scattered spots across the remainder of the circum-Mediterranean region ( Fig. 4C ) , respectively. The LIG models also refl ected a decrease in the potential niche overlapped distributions of the taxa (Appendices S5 and S12d, e) with respect to current potential niche overlaps ( B. distachyon -B. stacei , 78.3%; B. distachyon -B. hybridum , 81.4%; B. stacei -B. hybridum , 79.7%; the three species, 81%). Although the estimated overlapped ranges of the ENMs of the allotetraploid and its parents were mostly confi ned to the western Mediterranean-Macaronesian region (Appendix 12e), the overlapping distribution of the two diploids was spread across the Mediterranean basin (Appendix S12d). Table 2 ) . Th e niche identity tests found signifi cant environmental divergence in two speciespair comparisons, indicating that the niches of B. distachyon and B. stacei and B. distachyon and B. hybridum are diff erent ( P < 0.01), while the diff erence was not signifi cant between the niches of B. stacei and B. hybridum ( Table 2 ). However, pairwise comparisons from the reciprocal niche similarity tests indicated that there were no signifi cant diff erences in any case ( P > 0.05; Table 2 ), suggesting that the observed niche diff erentiations have not been driven by ecological selection. Nonetheless, the observed values of overlap were larger than the null distributions of background divergence in some comparisons ( Fig. 5 , Table 2 ), suggesting niche conservatism for B. distachyon vs. B. hybridum ( Fig. 5B ) and especially for B. stacei vs. B. hybridum ( Fig. 5C , Table 2 ) .
Equivalence
Th e patterns of niche overlap among the three species under past climatic scenarios were, in general, highly congruent with the 
Notes:
Overlap values smaller that the null distribution support niche divergence (D) and values larger than it niche conservatism (C); when niche overlap values are similar to the null distribution background the results are inconclusive (NC). Asterisks denote signifi cance at * P < 0.05 and ** P < 0.01; ns, nonsignifi cant. ( Table 2 ) . Niche identity tests for past ENMs retrieved signifi cant diff erences in niche equivalence for each separate pairwise species comparison in the MH, LGM and LIG scenarios. Observed niche breadth of the three species in their current native range was greater for B. distachyon (0.2637) than for B. hybridum (0.1956) or B. stacei (0.1829), the latter species having the narrowest niche breadth value ( Table 3 ) . Similar results were observed for values of the three taxa in the past MH, LGM, and LIG scenarios, with B. distachyon having even broader niches in the LGM (MIROC and MPI-ESM-P models) and the three species having narrower niches in the LIG. Brachypodium stacei only had a slightly broader niche than B. hybridum in the LGM-MIP-ESM-P scenario ( Table 3 ) .
DISCUSSION
Niche diff erentiation vs. conservatism suggests distinct environmental adaptations of B. distachyon and B. stacei and shared niche occupancy of B. hybridum with its parents in the circumMediterranean region -Environmental niche modeling approaches can detect divergence in adaptation to diff erent ecological niches between candidate species and can also provide evidence on the type of speciation involved ( Graham et al., 2004 ; Raxworthy et al., 2007 ; McCormack et al., 2010 ; Nakazato et al., 2010 ; Oliver and Ruiz-Rejon, 1980 ) . Temperature and precipitation are the most important factors that determine the geographical distribution and abundance of plant species ( Woodward, 1988 ) , allowing each species to maintain populations in a specifi c geographical area, known as the fundamental niche ( Hutchinson, 1957 ) . However, bioclimatic variables are commonly used to build the environmental climatic niche (also called Grinellian or realized niche; Soberón, 2010 ; Jaime et al., 2015 ) , since the fundamental (or Eltonian) niche should include many more abiotic and biotic (resource) variables ( Soberón, 2010 ; Peterson, 2011 ; Araujo and Rahbek, 2006 ) . Nonetheless, bioclimatic variables have shown a higher niche predictive power than other resource variables over large geographical areas ( Nakazato et al., 2010 ) , and their intrinsic spatial autocorrelation problems are less acute when analyzing species with sympatric distributions ( McCormack et al., 2010 ) .
Consistent with their nonmonophyletic, reticulate nature ( Catal á n et al., 2012 , 2014 ), B. distachyon , B. stacei , and B. hybridum show overlapping distributions in the circum-Mediterranean region ( Fig. 2 ; Appendix S7) and sympatric admixed populations ( B. distachyon -B. hybridum , B. stacei -B. hybridum , and the three species) in several localities (Appendix S1). Our study has provided the fi rst testable results on the environmental diff erentiation of the three annual species in their native range. Furthermore, our data also support balanced niche distribution coverages between the diploids and the allotetraploid in the native region but with distinct niche breadths.
Th e statistical and niche identity test analyses conducted show a clear diff erentiation of the environmental niches of B. distachyon and B. stacei ( Tables 1, 2 ; Fig. 2A, B ; Appendix S7a. b). Th e B. hybridum ENM mostly overlaps with those of one or the other parental species ( Fig. 2 ) ; however, it is also characterized by specifi c environmental traits, usually intermediate between those of its progenitors, that signifi cantly discriminate it from the others ( Table 1 ) and that support its own realized niche ( Fig. 2C ; Appendix 7c) . The environmental data indicate that B. distachyon grows in higher, cooler, and wetter places than B. stacei , which grows in lower, warmer, and drier environments, whereas B. hybridum grows in zones with intermediate values but also in low-altitudinal, warmer, and drier places, like its B. stacei progenitor ( Tables 1, 2 ; Fig. 2C ; Appendix S7c). Th ese results fi t well the ecophysiological requirements of the species (e.g., vernalization for most of the B. distachyon accesions and lack of it for the B. hybridum and B. stacei accessions; cf. Vogel et al., 2009 ; D. López-Alvarez and P. Catal á n, unpublished data) , which are crucial for the germination of seeds ( Atwell et al., 1999 ; Vogel et al., 2009 ) and survival of these annual species in their respective Mediterranean niches. Th ey also agree with Manzaneda et al. (2012) , who found a north vs. south geographical structure for B. distachyon and B. hybridum associated with increasing aridity clines in the Iberian Peninsula. Th e discrimination of the three species across a latitudinal gradient in the study area ( Table 1 ) , remarkably reflects the latitudinal distribution of the present Mediterranean microclimes and explains the scarcity of B. distachyon occurrences and predicted niche in the south (restricted to high elevations) and the absence of B. stacei in the north ( Fig. 2 ) .
Th e amount of signifi cant environmental diff erences found between B. distachyon and B. stacei for 18 environmental variables ( Table 1 , Fig. 1A ) and combined PCA ( Fig. 1B ) , and their divergence in niche equivalence ( Table 2 ) suggest distinct adaptations to diff erent ecological tolerances in these diploids. However, the reciprocal niche similarity tests were nonsignifi cant in both directions ( Table 2 , P > 0.05; Fig. 5A ), implying that niche divergence was not the major driver of speciation for these species. By contrast, the pairwise comparison tests showed evidence of niche conservatism for B. hybridum and each of its parents ( Fig. 5B, C ) . Phylogenetic niche conservatism theory predicts that niches are conserved over evolutionary time due to selection pressure ( Peterson et al., 1999 ) and that lineage splitting is not accompanied by relevant niche differentiation ( Rundell and Price, 2009 ) but rather by reproductive isolation ( McCormack et al., 2010 ) or other biological or lifehistory traits ( Warren et al., 2008 ) . Most evolutionary ecological studies conducted with sister lineages have accumulated evidences of niche conservatism ( Wiens and Graham, 2005 ; Warren et al., 2008 ) ; but niche conservatism has been also found across nonrelated lineages ( Warren et al., 2008 ; Peterson, 2011 ) . In our case, niche conservatism is predicted for the recent allopolyploid, which shares niche occupancy with both progenitors but is reproductively isolated from them. Our phylogenetic studies have demonstrated that the two morphologically close parental species correspond to two highly divergent lineages of which B. stacei split fi rst from the common ancestor in late Miocene times (stem age ~9.9 Ma), whereas B. distachyon split more recently in near Pliocene times (stem age ~4.3 Ma) ( Catal á n et al., 2012 ) . Th e evolutionary and environmental niche data suggest that the more recently evolved B. distachyon could have adapted to diff erent environmental conditions than the more ancestral B. stacei . It could be hypothesized that the ancestor of B. stacei speciated by adaptation to aridic Messinian conditions, whereas B. distachyon did to more mesic conditions at the onset of the Mediterranean climate. Th eir ecological divergence is also refl ected in their diff erent niche breadths, with B. distachyon showing higher levels of heterogeneous environmental variability than B. stacei ( Table 3 ) .
Niche overlap of diploid parents supports multiple potential hybrid zones across past scenarios -Reconstruction of past climate envelopes (MH, LIG, LGM) of B. distachyon , B. stacei , and B. hybridum have provided testable scenarios about their predicted range shifts and their subsequent niche overlapping areas ( Figs. 3, 4 ; Appendices S8-S12). One of the most noticeable findings was the larger geographical niche distributions that the three species showed in the LGM ( Fig. 3 ; Appendices S9, S10) compared with the current distributions ( Fig. 2 ) . Environmental niche studies of Holarctic plants and animals usually predict range contractions or fragmentations in the LGM due to unfavorable climatic conditions ( Waltari et al., 2007 ; Stewart et al., 2010 ) ; however, several cases of range expansion have been proposed depending on the climatic tolerance of the species, the size and environmental suitability of the new ranges and the existence of both latitudinal and longitudinal refugia ( Stewart et al., 2010 ) in either lowland and alpine-montane plants ( Fern á ndezMazuecos and Vargas, 2013 ; Russell et al., 2014 ) . Our results are consistent with the hypothesis of circum-Mediterranean peninsulas and islands as major warm refugia for plants during the last glacial phases ( Médail and Diadema, 2009 ; Feliner, 2011 ) . Th ese refugia, coupled with the dropping of sea level ca. 150 m ( Lambeck and Chappell, 2001 ; Lambeck et al., 2002 ; Clark and Mix, 2002 ) , likely favored the latitudinal range shift s and the increased niche distribution ranges predicted for these annual species in the LGM ( Fig. 3 ) . Conversely, a trend toward range contraction was reconstructed for the niche models of the three species in the LIG ( Fig. 4 ) , though the three paleoniche models mostly fit the current distribution ranges of the species. Our ENM study supports the Mediterranean basin and its adjacent areas as "long-term refugia" ( Stewart et al., 2010 ) for B. distachyon , B. stacei , and B. hybridum , showing that these zones likely ensured the long-term persistence of their populations through the last glacial cycle ( Fern á ndez-Mazuecos and Vargas, 2013 ) .
Th e paleoclimatic MH, LGM, and LIG models provided further insights about the potential overlapping of environmental niches of the two diploid parents and its hybrid. A larger and a more restricted potential range overlap was predicted for B. distachyon and B. stacei in the LGM and the MH and LIG, respectively (Appendices S8d-S12d). Interestingly, both ranges were distributed across the southern Mediterranean basin and its islands (Appendix S7d). Our paleoenvironmental MH/LGM/LIG and current niche models support the occurrence of potential areas of niche overlap between the two diploid parents across Mid-Holocene and Pleistocene time, which might have favored the existence of multiple potential hybrid zones along their native Mediterranean basin. Th is concurs with the hypothesis of the recurrent and polytopic origin of the allopolyploid B. hybridum in the circumMediterranean area from distinct bidirectional crosses of alternative maternal and paternal B. stacei / B. distachyon progenitors, deduced from analysis of plastid and nuclear barcode DNA sequences in the three species ( López-Alvarez et al., 2012 ) .
Despite genetic studies confirming long-distance dispersal of genotypes of these species in the Mediterranean region ( Catal á n et al., 2012 ; López-Alvarez et al., 2012 ) , López-Alvarez et al. (2012) detected signatures of geographical structure on both sides of the circum-Mediterranean area, with unique B. hybridum genotypes coinherited from their respective western and eastern Mediterranean parental B. distachyon and B. stacei genotypes. Th e selfi ng nature of the three reproductively isolated species ( Mur et al., 2011 ; Catal á n et al., 2012 ) and the current cytogenetic stability of the B. hybridum individuals (2 n = 30 chromosomes; López-Alvarez et al., 2012 ; present study) further support the multiple polyphyletic origin of the allotetraploid in the past ( López-Alvarez et al., 2012 ) . Recurrent origins of allopolyploid plants have been widely described ( Soltis and Soltis, 1999 ; Meimberg et al., 2009 ; Estep et al., 2014 ) , but few studies have investigated its potential occurrence across past scenarios. Our study provides evidence based on an environmental model for the plausible occurrence of B. distachyon and B. stacei niche overlap and subsequent hybrid zones in their native range across diff erent mid-Holocene and Pleistocene temporal scenarios where the hybrid presence has been also predicted ( Fig. 2 ; Appendices S7, S12).
The allopolyploid does not outperform its diploid parents in their
native range -Our study indicates that though B. hybridum has a unique environmental niche, which is signifi cantly diff erent at least from that of B. distachyon (e.g., niche equivalence test, Table 2 ) and presents signifi cant diff erences with its parents in 12 bioclimatic variables ( Table 1 ) , it has a smaller niche distribution than that of B. distachyon ( Table 3 ) and overlaps greatly with the niches of the two diploids, especially with that of B. stacei (Appendix S7). Niche similarity analyses were inconclusive regarding the potential divergence of the B. hybridum niche with respect to those of B. distachyon and B. stacei ( Table 2 ) , though reciprocal background distribution tests supported niche conservatism for B. hybridum and both progenitors ( Fig. 5B, C ) . Several environmental studies of plants have shown that diff erent ploidy taxa occupy diff erent niche environments and ecologically diverge from one another ( Buggs and Pannell, 2007 ; McIntyre, 2012 ) . However, other studies have detected both separate niches and also diff erent ploidies coexisting in the same area ( Oliver and Ruiz-Rejon, 1980 ) or geographically separated diploid and polyploid ranges but with polyploids occupying environmental niches that are predicted to be suitable to diploids ( Godsoe et al., 2013 ) . We found that the three species of the B. distachyon complex could potentially coexist in an area of 260 119 km 2 (Appendix S5), though each separate species or combinations of species-pairs showed larger niche distribution ranges depending on the environmental requirements of each species (Appendix S7).
Allopolyploids that combine the genomes and phenotypic characteristics of diploids can exhibit a greater degree of niche overlap ( Miller and Franklin, 2002 ; McIntyre, 2012 ) and consequently might show an increased range of phenotypic responses resulting in their oft en reported broader environmental tolerances relative to diploids ( Levin, 1983 ) . Interestingly, B. hybridum had the largest niche overlap compared with its two diploid progenitors, being phenotypically more variable ( Catal á n et al., 2012 ; D. López-Á lvarez and P. Catal á n, unpublished data) but a niche breadth smaller than that of B. distachyon and only slightly greater than that of B. stacei ( Table 3 ). Niche competition with its diploid progenitors could be invoked to explain the observed restricted range distribution and niche breadth of B. hybridum in its native area, overlapping with but not displacing them.
Conversely, B. hybridum is the only species of the complex that has apparently successfully colonized other nonnative world regions for which confi rmed GIS occurrence data are still scarce (e.g., Central Europe, North America (California), South America (Uruguay), South Africa, Australia, New Zealand; cf. Jenkins et al., 2003 ; Garvin et al., 2008 ; Bakker et al., 2009 ; Catal á n et al., 2012 ) . Th e fact that the new noncircum-Mediterranean environments were only colonized by B. hybridum but not by its parents, assuming similar chances of man-mediated seed introduction for the three cryptic annual species, suggests a greater ecological tolerance of the allotetraploid compared with the diploids and its high capability to adaptation to climatically similar territories but where the parental diploids are absent. Th is possibility could be explained by the high potential of highly heterozygous allopolyploids to large genome rearrangements and to genomic and epigenetic expressions, increasing genetic diversity to buff er against inbreeding depression and to boost diversifying selection ( Bakker et al., 2009 ; Meimberg et al., 2009 ) . Th e environmental success of the young colonizers of B. hybridum in the Americas, southern Africa, and Oceania might also be related to rapid shift s in physiological and adaptive traits, such as changes in fl owering time related to photoperiod and weediness (cf. Bakker et al., 2009 ). Yet the underlying factors causing the apparent diff erent adaptive capabilities of B. hybridum in its native range and in the allochthonous areas should be tested through more detailed studies. It would also require the corroboration of the apparent but still unconfi rmed absence of the diploid B. distachyon and B. stacei parents in those areas.
